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ABSTRACT 



The Bohai Strait is a crucial pathway for water exchange between the Bohai Sea and 

the Yellow Sea, and exhibits a robust spatiotemporal pattern of hydrodynamic 

conditions. 16S rRNA amplicon sequencing was applied to study the spatiotemporal 

patterns of bacterial community composition and diversity in the Bohai Strait. 

Physical and chemical parameters were measured in order to explain what might 

control the observed patterns in community composition and diversity. In response to 

environmental changes between seasons, especially the dramatic changes of 

temperature and nutrient (NO2-N and PO4-P) levels, Synechococcus and unclassified 

genera in Family I predominated in summer while some oligotrophic taxa (e.g., 

Pelagibacter, OM43 clade) are more abundant in winter. The spatial heterogeneity 

and overall patchiness of bacterial assemblages in the Bohai Strait could not be well 

explained by the measured factors. However, the taxa with the most spatially 

variable presence and absence, e.g. Vibrionaceae, SAR11 and Sva0996 marine group, 

possess differentiated niches for utilization of organic matter (OM) and display a 

close relationship with the distribution of OM sources in this area, which may 

indicate the significance of OM sources to bacterial community structure. Our results 

suggest that local factors rather than regional factors, such as dispersal limited by 

hydrodynamics, structure the bacterial communities in the Bohai Strait. 

Key words: Bohai Strait; bacterial community; seasonal and spatial heterogeneity; 

environmental factor; organic matter; hydrodynamics; niche partitioning 

 

INTRODUCTION 



Marine bacteria are crucial in the functioning of the global ocean ecosystem due 

to their key roles in marine biogeochemical cycling of the major elements (Fuhrman 

et al. 2015, Bunse & Pinhassi 2017). They can have fast growth rates and remarkable 

capabilities to respond to physicochemical gradients and environmental changes (both 

natural and anthropogenic), resulting in specific spatial and temporal patterns (Lindh 

et al. 2015, Bunse & Pinhassi 2017). Bacteria in surface oceans exhibit pronounced 

seasonal patterns, which are governed by different factors (e.g., light, climate, and 

nutrient loading) at different temporal scales (Lindh et al. 2015, Bunse & Pinhassi 

2017). Further, several studies on microbial biogeography suggest that both regional 

and local forces have an important role in structuring bacterial communities in marine 

environments, though their relative importance depends on the spatial scale and 

environmental heterogeneity (Martiny et al. 2006, Lindström & Langenheder 2012, 

Lindh et al. 2016). To clarify the spatiotemporal patterns of bacterial communities, as 

well as their relation to environmental changes, would provide insights into the 

relationship between microbial-mediated processes and environmental factors. 

The Bohai Strait (BS) is the only pathway connecting the Bohai Sea and the 

Yellow Sea in China (Fig. 1). This area is crucial to the water and material exchange 

between the Bohai Sea and the open ocean (Bi et al. 2011, Li et al. 2015). The strait 

is roughly divided into two parts by North Huangcheng Island. The northern BS is 

narrow and deep (maximum depth ~75 m), and the southern BS is much wider but 

shallow (depth typically less than 20 m) (Li et al. 2015). Oceanic water enters the 

Bohai Sea from the Yellow Sea through the northern BS, while less saline coastal 



water flows out to the Yellow Sea through the southern strait (Fang et al. 2000, 

Cheng et al. 2004, Li et al. 2015). The Bohai circulation and the Yellow Sea Warm 

Current (YSWC) are affected by the seasonal variation of the East Asia Monsoon 

and exhibit robust seasonal variations, and consequently, the seasonal pattern of the 

hydrodynamics in the Bohai Strait is striking, especially between summer and winter 

(Chen 2009, Bi et al. 2011) (Fig. S1, Supporting Information). In winter, the warmer, 

more saline and nutrient-poor Yellow Sea Warm Current (YSWC) enters the northern 

BS, while colder, fresher and nutrient-rich Bohai Sea Coastal Water (BSCW) 

occupies the southern BS (Fang et al. 2000, Hainbucher et al. 2004, Chen 2009, Bi et 

al. 2011) (Fig. S1, Supporting Information). In contrast, the hydrodynamics in 

summer are relatively weak, and the differences in temperature and salinity between 

the northern and southern strait become less evident (Fig. S1, Supporting 

Information). In addition to natural hydrodynamic forces, this area is also 

experiencing anthropogenic impacts. There are a number of important ports and 

agricultural areas centered around the cities of Dalian, Yantai and Weihai, on both 

sides of the Bohai Strait (Fig. 1). As a result of both hydrodynamic and 

anthropogenic impacts, environmental gradients in the Bohai Strait have a broad 

range, and the microbial communities are thought to show great heterogeneity in 

response to these environmental forces. Previous studies in the Bohai Strait have 

largely focused on the physical processes (Cheng et al. 2004, Li et al. 2015, Bi et al. 

2011, Guo et al. 2016), whereas relatively little is known about the biotic 

communities and their response to environmental changes (Wang et al. 2016).  



In this study, we investigated the bacterial communities in the surface waters of 

the Bohai Strait using 16S rRNA amplicon sequencing. The aims of this study were 

(1) to elucidate the spatiotemporal occurrence patterns and diversities of the bacterial 

assemblages in the Bohai Strait and (2) to illuminate how the bacterial assemblages 

respond to environmental changes. From these, we expect a better understanding of 

the driving forces and mechanisms of the bacterial community pattern in such a 

complex coastal environment. 

MATERIALS AND METHODS 

Study sites and sampling 

Sampling was conducted at 13 sites along transects A, B and C (Fig. 1), which 

were nearly perpendicular to the direction of the current. In December 2013 and 

August 2014, surface seawater samples were collected using Niskin bottles attached 

to a CTD rosette. Temperature (T), salinity (Sal) and bottom depth (Depth) were 

measured by the CTD. Chlorophyll a (Chl a) fluorescence was measured with a WET 

Labs ECO-AFL/FL fluorometer sensor. Chemical parameters, i.e. nitrate (NO3-N), 

nitrite (NO2-N), ammonium (NH4-N), phosphate (PO4-P), silicate (SiO3-Si) were 

measured as previously described by Wang et al. (2016). 

For bacterial diversity analysis, 2 L of surface seawater from each site was 

filtered through a 0.22 μm filter (47 mm, Millipore Corporation). The filters were 

then immediately placed into sterile cryovials and stored at -80 °C for subsequent 

DNA extraction. 



DNA extraction and Illumina MiSeq sequencing 

Total genomic DNA was extracted from each of the filtered water samples using 

a PowerSoil DNA Isolation Kit (MoBio, Carlsbad, CA, USA), according to the 

manufacturer’s instructions. DNA concentration and quality were measured using a 

NanoDrop ND-2000c Spectrophotometer (Thermo Scientific, Inc., USA). Extracted 

DNA was diluted to 10 ng μL
-1

 and stored at -80 °C for downstream use. Universal 

primers 515F (5'-GTGCCAGCMGCCGCGGTAA-3') and 909R 

(5'-CCCCGYCAATTCMTTTRAGT-3') with 12 nt unique barcode at 5'-end of 515F 

was used to amplify the V4-V5 hypervariable region of 16S rRNA gene. All PCR 

products were quantified with a NanoDrop spectrophotometer and then pooled 

together with equal molar amount from each sample. The sample used for sequencing 

was prepared using TruSeq DNA kit according to the manufacture’s instruction. The 

purified library was diluted, denatured, re-diluted, mixed with PhiX (equal to 30% of 

final DNA amount) as described in the Illumina library preparation protocols, and 

then was sequenced on Illumina Miseq system for sequencing with the Reagent Kit v2 

2×250 bp at the Environmental Genome Platform of Chengdu Institute of Biology. 

Bioinformatic analysis 

The sequence data were processed using Mothur v.1.36.1 (Schloss et al. 2009). 

All sequence reads were trimmed and assigned to each sample based on their barcodes. 

Sequences with lengths >260 bp, without ambiguous bases, and average base quality 

scores >25 were used for downstream analysis. The aligned 16S rRNA gene 



sequences were checked for chimeric sequences using the UCHIME algorithm (Edgar 

et al. 2011). Sequences were clustered into operational taxonomic units (OTUs) using 

the average neighbor algorithm in MOTHUR at a 97% identity threshold. Each OTU 

contained more than two sequences from at least two samples to avoid errors or PCR 

artifacts (Zhou et al. 2011). 

Statistical analysis 

Alpha diversities (observed species, Chao1, Shannon diversity, Shannon 

evenness and Good’s coverage) were calculated at the OTU level using Mothur 

v.1.34.4 with each sample randomly subsampled to the same number of sequences as 

the sample with the lowest sequences. The differences of alpha-diversity indices 

between samples were tested by student’s t-test using SPSS v.18.0 (SPSS inc., 

Chicago, USA). 

Beta-diversity analyses were conducted at the genus level (including the 

sequences identified to the family level and unclassified at the genus level). 

Differences between samples were explored using non-metric multidimensional 

scaling (nMDS). The global and pairwise differences among sets of samples were 

tested by analysis of similarity (ANOSIM, 999 permutations). Clustered heatmaps 

were constructed to display the relative abundances (RAs) of genera and hierarchical 

clustering of samples. The aforementioned beta-diversity analyses were performed 

based on the Bray-Curtis similarity matrices calculated from community data using 

vegan v.2.3-3 and ggplot2 v.2.2.0 packages in R (R Core Team 2015). 



The differences between two groups of samples were compared with the 

Mann-Whitney U test. Environmental variables that had the highest Spearman 

correlation coefficients with bacterial communities were detected using the 

biota-environment (BIOENV). Networks were generated to visualize the relationship 

between bacteria and environmental factors. Spearman correlation coefficient r values 

and P-values were calculated for pairs of one genus to one environmental factor pair 

by the ‘psych’ package in R software. P-values were corrected by implementing false 

discovery rates (q-values) that was were kept below 5% with the Benjamini Hochberg 

procedure (Benjamini & Hochberg 1995). Significant pairwise correlations (edges) 

between most abundant bacterial genera (the cumulative percentage of sequences was 

no less than 90%) and environmental parameters (r < -0.6 or > 0.6) were visualized 

using the edge-weighted spring embedded model with the Cytoscape v.3.3.0 (Shannon 

2003). The bacterial 16S rRNA gene sequences derived from pyrosequencing were 

deposited in the NCBI Sequence Read Archive database under accession no. 

SRP082148. 

RESULTS 

Physicochemical characteristics of surface waters 

In winter, the temperature and salinity of surface waters were significantly higher 

in the northern and middle BS than in the southern part (Fig. S2, Supporting 

Information). The temperature was much higher in summer (24.3 °C) compared with 

winter (8.7 °C), while the salinity changed little (summer: 30.6; winter: 30.8) and the 



maximum values (summer: 31.1 psu; winter: 31.4 psu) were both recorded in the 

northeastern section. However, both parameters appeared to be more evenly 

distributed in summer due to the weak hydrodynamics (Table 1, Fig. S2, Supporting 

Information). The concentrations of inorganic nutrients in winter showed remarkable 

differences between the western and eastern parts of the study area (Fig. S2, 

Supporting Information). The concentrations of NO2-N, NO3-N, NH4-N, and SiO3-Si 

were higher in the west than in the east, while the content of PO4-P displayed the 

opposite trend (Fig. S2, Supporting Information). In summer, the concentrations of all 

5 nutrients were much lower than in winter, especially NO2-N, which decreased by 

~12 times (Table 1). PO4-P showed a similar distribution trend with temperature and 

salinity as in winter, while the other nutrients (NO2-N, NO3-N, NH4-N, SiO3-Si) 

showed different distributions (Fig. S2, Supporting Information). 

Taxonomic composition and diversity of bacterial communities 

After filtering and removing potential erroneous sequences, a total of 931,759 

bacterial 16S rRNA gene sequences were retrieved from 26 surface sample libraries. 

Removal of singletons resulted in 736,083 effective sequences for further analysis. 

After random resampling, a total of 16,112 operational taxonomic units (OTUs) were 

obtained at 97% sequence identity. The coverages of all samples were higher than 

85%, indicating that the surveying results were sufficient to capture the overall 

bacterial diversities (Table S1). All sequences were affiliated to 44 phyla, 122 classes, 

223 orders, 388 families and 744 genera (including sequences unclassified at each 



taxonomy) with confidence score thresholds of 80%. Of all sequences, 87.5% and 

56.2% could be identified to the family and the genus level, respectively.  

The seasonal shift of bacterial communities 

ANOSIM results suggested a significant difference of bacterial community 

composition between summer and winter (Table 2). Likewise, the nMDS plot showed 

a clear division between the samples from the two seasons (Fig. 2). Non-parametric 

Mann-Whitney U test resulted in 10 highly responsive taxa, the RAs of which were 

more than 1% and varied dramatically between seasons (P < 0.05; Fig. 3). 

Synechococcus and unclassified genera in Family I dominated the bacterial 

communities in summer (17.5% and 11.0%, respectively), but their RAs decreased 

sharply in winter (3.85% and 1.7%, respectively) (Fig. 3). Meanwhile, the unclassified 

genera (Vibrionaceae) were also more abundant in summer. While in winter, the 

oligotrophic bacterial taxa were more abundant compared to their RAs in summer 

(Fig. 3), i.e. Pelagibacter (winter: 12.19%, summer: 5.83%), OM43 clade (winter: 

3.19%, summer: 1.55%), unclassified genera of SAR86 clade (winter: 3.13%, summer: 

1.66%), and unclassified genera of Surface 2 (winter: 2.22%, summer: 1.21%). 

Further, RAs of Planctomyces (2.13% in winter and 0.49% in summer) markedly 

increased in winter (Fig. 3). The alpha diversity indices of bacterial communities 

(total OTUs) were compared between seasons and significant variations were 

observed in richness, diversity and evenness, which were higher in winter than in 

summer (t-test: P < 0.05; Table 3). And the differences in Shannon diversity and 



evenness were even more statistically significant (t-test: P < 0.01; Table 3). 

The spatial pattern of bacterial communities 

In each season, bacterial community composition varied spatially (Table 2, Fig. 

4). In winter, the community composition of transect B was found to be significantly 

different from those of transects A and C in winter (P < 0.05, Table 2, Figs. 4B & 5B), 

while sites B1 and B2 had a distinct community composition from other regions in 

summer (P < 0.05, Table 2, Figs. 4A & 5A). In terms of the highly responsive taxa to 

the spatial environmental changes, transect B was distinct in winter for containing 

more unclassified genera in Sva0996 marine group but fewer Pelagibacter and 

unclassified genera in SAR86, Surface 2, Family I and NS9 marine group (Fig. 5B, D). 

Sites B1 and B2 were distinct in summer due to the abundance of unclassified genera 

within Vibrionaceae and a lower abundance of Family I (Fig. 5A, C). Alpha diversity 

indices of bacterial communities at the OTU level (97% identity) were tested between 

transects. The diversity or evenness of transect B were lower than transects A and C 

in summer (ANOVA: P < 0.05), but no significant difference was observed among 

transects in winter (Table 3). 

Environmental determinants of seasonal variation of bacterial 

communities 

A total of 9 local environmental factors (physical factors: T, Sal, Depth; 

chemical factors: NO2-N, NO3-N, NH4-N, PO4-P, SiO3-Si; biological factors: Chl a) 

were selected to study their relationships with the bacterial communities in the Bohai 



Strait. Results of BIOENV showed that among them, temperature was the best fit to 

explain the seasonal variation of bacterial community composition at the genus level 

(R=0.584; Table S2, Supporting Information). The network focusing on the 

bacteria-environment interactions related to the seasonal shift, emphasized the 

impacts of temperature and nutrient levels on the bacterial community pattern and 

further elucidated the interactions between bacterial genera and environmental factors 

(Fig. 6). It revealed that among the genera responsive to seasonal changes, 

Synechococcus and unclassified genera of Family I had strong positive correlations 

with temperature but negative correlations with different nutrient factors, while 

Planctomyces showed the opposite trends. OM43 clade had a negative correlation 

with temperature (Fig. 6). 

Environmental determinants of spatial heterogeneity of bacterial 

communities 

BIOENV analysis revealed that among the selected variables, temperature, 

salinity and SiO3-Si jointly explained the most of community dissimilarity in summer 

(R=0.314; Table S3, Supporting Information), while temperature alone explained 

most of the community dissimilarity in winter (R=0.441; Table S3, Supporting 

Information). Network analysis showed that among the measured factors, temperature 

was correlated with the majority of the abundant bacterial genera in both seasons, 

indicating that it could explain the spatial variation of these genera to some degree 

(Fig. 7). However, the unclassified genera in Vibrionaceae, which exhibited the most 



uneven distribution in summer (Fig. 5C), did not show any obvious correlations with 

the measured environmental factors (Fig. 7A). In winter, temperature had an impact 

on most of the abundant genera (e.g., negative effect on OM43 clade), followed by 

salinity and water depth, however, the relationship between the genera responsive to 

spatial difference (i.e. Pelagibacter, unclassified genera in SAR86, Surface 2 and 

Sva0996 marine group) and measured environmental factors couldn’t be elucidated by 

network analysis (Fig. 7B). These results reflect that the community dissimilarity in 

each season, that is the spatial dissimilarity, was only partly explained by the selected 

environmental variables, and the main reason for the community dissimilarity over 

space remains undetermined. 

DISCUSSION 

The spatiotemporal variations of hydrodynamic features and 

physicochemical conditions 

In contrast to terrestrial environments, the marine environment is more 

complicated that the dispersion and movement of populations will be driven by 

hydrography (Gilbert et al. 2012). The Bohai Strait is strongly influenced by the 

shifting patterns of the Bohai circulation and the YSWC (Fig. S1, Supporting 

Information). In summer, when southeasterly winds prevail, Yellow Sea water enters 

the Bohai Sea through the northern BS and turns counterclockwise when converging 

with water from the central Bohai Sea before exiting through the southern BS (Guan 

1994, Fang et al. 2000, Hu et al. 2016) (Fig. S1, Supporting Information). The water 



column in the Bohai Strait is highly stratified during summer and the hydrodynamics 

are relatively weak, therefore the physical features only differed slightly over the 

entire BS except for the northeastern area which interacts more with Yellow Sea water 

(Table 1, Fig. S2, Supporting Information). In contrast, the hydrodynamics intensify 

during winter (Bi et al. 2011). When northerly winds prevail, the YSWC, which is 

characterized by high temperature and salinity, intrudes into the northern BS from the 

Yellow Sea and continues to flow westward, while the coastal currents, with diluted 

water, flow out from the southern BS (Mask et al. 1998, Guo et al. 2016, Fang et al. 

2000) (Fig. S1, Supporting Information). As a result, the hydrological features varied 

greatly between the northern and southern BS in winter, and the temperature and 

salinity of surface waters were significantly higher (about 4 °C and 3 psu) in the 

northern BS than in the southern part. The drastically changing hydrodynamic 

features that control the dispersal rates of microbes at the regional scale, are likely to 

affect the biogeography of bacteria in the Bohai Strait. 

Variations of bacterial community diversity and taxonomic 

composition in response to environmental changes 

The bacterial communities exhibited significant differences in taxonomic 

composition and diversity both between seasons and spatially within the Bohai Strait. 

The alpha diversity estimators of bacterial communities were significantly higher in 

winter than in summer, especially the Shannon diversity and evenness (P < 0.001). 

Previous studies have shown a similar result that higher values for community 



richness or diversity were observed in winter and lower values in summer (Gilbert et 

al. 2009, 2010a, 2010b, 2012, Xia et al. 2015). Shannon evenness describes the 

distribution of individuals over species or of bacterial groups within the community, 

while Shannon diversity takes both the richness and evenness into account (Heip et 

al. 1998, Tam et al. 2001). Both parameters can reflect the equitability of each taxon 

in the community. The lowered bacterial diversity in the Bohai Strait in summer may 

be due to unfavorable conditions for most species, such as nutrient limitation caused 

by stratification, increased competition for limited resources, and predation pressures 

in surface water during summer. In contrast, the strong wind mixing, surface cooling, 

and intense intrusion of the YSWC in winter made the water column more 

homogenized. This provided more favorable conditions for the growth of most 

bacterial species (Mask et al. 1998, Hainbucher et al. 2004) and resulted in the 

increased diversity and evenness of bacterial communities in surface water.  

The community heterogeneity in taxonomic composition may also be an 

important response to the changing environment. We chose those bacterial taxa with 

significant seasonal or spatial variations for further analysis and discussion, because 

they were the determinants of community variation and were highly responsive to 

the changing environment. Network analysis determined the bacterial taxa that 

interacted closely with the measured environmental factors and revealed how they 

may respond. It was suggested that the measured environmental factors influenced 

only a few bacterial taxa, whereas most of the highly responsive taxa to 



environmental changes (Figs. 3 & 5 C, D) did not show clear correlations with the 

measured environmental factors (Figs. 6 and 7). 

The seasonal variation of bacterial communities is mostly controlled by 

temperature and nutrient level 

BIOENV revealed that among the measured environmental factors, the seasonal 

shift of bacterial communities in the Bohai Strait was primarily influenced by 

temperature followed by nutrient concentrations (Table S2). Among the most 

important responders to seasonal changes, Synechococcus and unclassified genera 

within Family I were obviously more abundant (3.9 times and 6.6 times) in summer 

than in winter (Fig. 3). They showed a strong positive correlation with water 

temperature and a negative correlation with concentrations of NO2-N and PO4-P (Fig. 

6). Synechococcus are abundant photosynthetic bacteria in the surface ocean and 

contribute to a substantial proportion of global primary productivity (Flombaum et al. 

2013, Pittera et al. 2014). They have higher growth rates and abundances in warmer 

months associated with temperature, light and nutrient level (Agawin et al. 1998, 

Jiao et al. 2006). RA of Synechococcus in the Bohai Strait was negatively correlated 

with concentrations of NO2-N and PO4-P and positively correlated with temperature, 

because low temperature was the primary factor limiting their growth, rather than 

low nutrient level (Chiang et al. 2002, Jiao et al. 2005). Adaptation mechanisms (e.g. 

excretion of carbon) reduces their dependence on nitrogen and phosphorus 

availability in the ocean environment (Kretz et al. 2015, Lopez et al. 2016). 



Additionally, growth inhibition of Synechococcus has been reported at relatively 

high DIN levels (> 8 μM) (Agawin et al. 2000). By this criterion, the average DIN 

concentration in the Bohai Strait in winter was above the level likely to inhibit 

growth and therefore likely contributed to the decrease of Synechococcus abundance 

in winter. In contrast, Planctomyces were more abundant in winter than in summer, 

which may relate to the increased level of inorganic nutrients (NO3-N and SiO3-Si) 

and the lower temperature (Fig. 6). This reflects that temperature and nutrient 

availability have strong effects on microbial-mediated processes (Nedwell & Rutter 

1994, Fuhrman et al. 2008, Andersson et al. 2010, Gilbert et al. 2012). 

With the exception of Planctomyces, most of the genera that were highly 

responsive to seasonal changes and dominated in winter were oligotrophic taxa (e.g. 

genera within SAR11, which included Pelagibacter and unclassified genera in 

Surface Group 2, unclassified genera within SAR86, and the OM43 clade). Among 

them, the OM43 clade became more abundant in winter, showing an association with 

the dramatic decrease of temperature (Fig. 6). The other taxa did not exhibit clear 

relationships with the measured environmental factors. Nonetheless, almost each of 

them displayed a clear spatial heterogeneity or patchiness in keeping with the 

taxonomic patchiness of the communities. 

The spatial heterogeneity of bacterial communities implies local 

resource differences and niche partitioning 



The spatial heterogeneity, or patchiness, of bacterial communities in the Bohai 

Strait was also significant between seasons. The local taxonomic patches were 

separated by tens of kilometers, which is comparable to the size reported in 

oligotrophic ocean, supporting the view that factors ultimately shaping assemblage 

composition are localized at spatial scales between a few kilometers and ~50 km 

(Hewson et al. 2006). The patchiness of community composition implies that the 

distribution of resources, grazers or other bacteria has provided conditions that allow 

specific taxa to dominate. 

Compared with transects A and C, transect B had quite different bacterial 

community composition in winter. RAs of SAR11 clade (Pelagibacter and 

unclassified genera of Surface 2) and SAR86 clade decreased significantly in 

transect B (mainly at sites B1-B3), accompanied by the increase of unclassified 

genera in Sva0996 marine group (Fig. 5B, D). Bacteria of the SAR11 clade are 

chemoheterotrophic and constitute up to half of the total microbial community in the 

oxygen-rich surface ocean (Morris et al. 2002, Tsementzi et al. 2016). They are 

deemed as earth’s most abundant organisms by adapting to the nutrient-limiting 

conditions of the open ocean and anoxic conditions in oxygen minimum zones 

(Giovannoni et al. 2017, Tsementzi et al. 2016). Sva0996 marine group is an 

actinobacterial group that has been detected in both marine sediment and water 

column habitats. Very little is known about the Sva0996 marine group, except its 

ability to assimilate phytoplankton-derived dissolved protein and involvement in 

cycling dissolved organic nitrogen in the ocean (Orsi et al. 2016). The decrease of 



the oligotrophic populations and the simultaneous increase of Sva0996 marine group 

could suggest a sufficient supply of organic nutrients in this region. Moreover, 

Planctomyces peaked at sites B3 and B2 in the middle BS during winter (Fig. 7B). 

This genus was reported to be present in the microbial biofilm community of 

macroalgae and can dominate particle-attached bacterial assemblages (Lage & 

Bondoso 2014). Sites B2 and B3 were located just within the main area of brown 

algae productivity (e.g. Laminaria spp., Sargassum spp.) in the Bohai Sea and the 

Yellow Sea. Although the maximum chlorophyll a concentration was observed in the 

Yellow Sea region (Fig. S2, Supporting Information), the value at site B3 was higher 

than its immediate surroundings, potentially suggesting a benthic contribution. 

Therefore, we infer that the increased Planctomyces population in the middle of the 

study area resulted from the high production of benthic or drifting macroalgae and 

associated algae-derived organic matter (OM). 

In summer, sites B1 and B2 were distinct for containing an abundance of 

unclassified genera of Vibrionaceae and less unclassified genera in Family I. It has 

previously been reported in a study of the western English Channel that the family 

Vibrionaceae bloomed in summer as a result of the presence of eukaryotes (Gilbert et 

al. 2012). The family Vibrionaceae is routinely found in all ocean environments and 

contains a number of important pathogenic, commensal, and mutualist species 

(Thompson et al. 2004, Thompson & Polz 2006, Jones et al. 2007). Some 

Vibrionaceae populations attach to planktonic and nektonic organisms, i.e. diatoms, 

squid and crustacea, for a chitinoclastic activity (Hunt et al. 2008). Nutrients, derived 



from zooplankton and fishes, can accelerate their growth in seawater (Simidu et al. 

1980). The dominance of Vibrionaceae, therefore, can indicate the temporal increase 

in biomass of fishes, plankton or organic detritus. In our study, unclassified genera 

within Vibrionaceae were extraordinarily abundant at sites B1 and B2 in summer 

(Fig. 5A, B), showing no relationship with the measured environmental factors. 

However, these sites are within the aquaculture zone near the city of Dalian and off 

the north coast of the Bohai Strait. The abundant animal-derived organic nutrients 

from Dalian aquaculture could result in the bloom of unclassified genera in 

Vibrionaceae. 

As a result of all the above, the northern and middle parts of transect B were 

always different from transects A and C, containing functionally distinct dominant 

bacteria. Those different dominant taxa exhibited niche differentiation in the use of 

OM substrates. Although we failed to do synchronous measurements of OM types 

and concentrations, we can infer from our results that OM niche partitioning among 

bacteria contributed to the patchiness and heterogeneity of the bacterial communities. 

The patchiness of OM from different sources had a greater impact on bacterial 

communities than the bacterial dispersal rate, which is closely related to 

hydrodynamics. However, the impact of hydrodynamics on bacterial communities 

should not be neglected. The westward flow in the northern BS extended to a larger 

area when influenced by the intrusion of the YSWC in winter. Consequently, the OM 

patch that was centered on sites B1 and B2 in summer expanded to site B3 in winter 

and likely caused the corresponding variation in bacterial communities. Thus, the 



spread of the current may have influenced the range of OM patches and therefore 

had an indirect effect on the bacterial community structure. 

In addition, several taxa with potential importance in marine carbon cycling had 

higher abundances in the Bohai Strait, e.g. SAR11 (RA: 12.37%), OM43 (RA: 

2.37%) and OM60 (NOR5) (RA: 1.9%). Their carbon compound specialization 

might reduce competition and enable them to coexist in large amounts (Rappé et al. 

2002, Giovannoni et al. 2008, Yan et al. 2009). OM60 (NOR5) clade is one of the 

most abundant aerobic anoxygenic phototrophic bacteria in marine environments and 

their mixotrophic growth provides them with a selective advantage against obligate 

chemoheterotrophic bacteria (Yan et al. 2009, Spring et al. 2013, Spring 2014). In 

our study, bacteria of this clade occurred with a significantly higher RA in summer, 

but they did not correlate with the measured physicochemical environmental factors 

(Figs. 3 and 6). This was mainly due to their dependence on light availability, which 

varied significantly between seasons. OM43 clade is a methylotroph that uses 

methanol and formaldehyde as carbon sources for energy (Giovannoni et al. 2008, 

Salcher et al. 2015) and is commonly found at low levels in coastal ecosystems but 

has been observed to increase in abundance during phytoplankton blooms (Sowell et 

al. 2011). Our data has revealed a negative correlation between the OM43 clade and 

water temperature (Fig. 6). Its RA peaked in winter at sites A5, B4 and C4 (Fig. 5C, 

D) in the south channel where the Bohai Sea Coastal Current (BSCC) dominates (Hu 

et al. 2016). The BSCC, which flows through the Bohai Bay and the Laizhou Bay 

successively, is characterized by low salinity and low temperature. The OM43 clade 



became dominant in this region, suggesting a potential connection with the cold 

BSCC. However, the mechanism behind the connection needs further study. 

CONCLUSIONS 

The heterogeneity of environmental conditions (both measured and unmeasured) 

significantly influenced the spatiotemporal pattern of the bacterial communities in the 

surface waters of the Bohai Strait. The YSWC provided favorable hydrodynamic 

conditions and higher nutrient levels, contributing to the significantly higher alpha 

diversity of bacterial communities in winter than in summer. Some abundant taxa (e.g., 

Synechococcus, Planctomyces, OM43 clade) showed marked seasonality, which was 

mostly influenced by the changes of water temperature and nutrient levels. However, 

the spatial heterogeneity of the bacterial communities can be attributed to factors 

other than the measured environmental parameters. Some taxa (e.g., Vibrionaceae, 

Sva0996 marine group, SAR11) exhibited spatial heterogeneity or patchiness most 

likely related to the patchiness of OM derived from algae or aquaculture organisms, 

while other taxa, e.g. OM43 clade, showed a correlation with currents. Also, the 

spread range of currents might have influenced the size of patchiness to a certain 

degree. In conclusion, our results suggested that OM niche partitioning among 

bacterial communities was crucial to the community structure in the Bohai Strait. The 

relationship between bacterial communities and different sources of OM substrates, 

such as algae-derived OM, animal-derived OM, and external organic pollutants, etc., 

should be further explored. However, our results support the hypothesis that local 



factors have a greater impact on bacterial community structure than dispersal purely 

due to hydrodynamics. 
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Fig. 1. Location of sampling sites in the Bohai Strait. 



 

Fig. 2. Non-metric multidimensional scaling (nMDS) plot showing the bacterial 

community structure across different seasons based on the Bray-Curtis dissimilarity 

distance matrices of genus data. Each sample label includes the information of season 

(W: winter; S: summer) and site ID (e.g. A1, A2, etc). 



 

Fig. 3. Bar plot showing the relative abundances of the genera with significant 

variations (Kruskal-Wallis test, P<0.05) between seasons. 



 

Fig. 4. Non-metric multidimensional scaling (nMDS) plots showing the bacterial 

community structure at the genus level in summer (A) and in winter (B). Each sample 

label represents site ID. 



 

Fig. 5. Heatmaps showing the most abundant genera (RA > 1%) in summer (A) and 

winter (B) and bar plots showing the abundant genera with significant variations 

(Mann-Whitney U test: P<0.05) between different areas in summer (C) and winter 

(D). 



 

Fig. 6. Association networks showing strong correlations (r < -0.6 or > 0.6) between 

the most common genera (the cumulative percentage of sequences was no less than 

90%) and environmental factors or between pairs of environmental for two seasons. 

Each node represents a genus (blue circle) or an environmental factor (yellow square), 

while each edge represents the interaction between them. Solid line represents 

positive correlation, and dash line represents negative correlation. 



 

Fig. 7. Association networks showing strong correlations (r < -0.6 or > 0.6) between 

the most common genera (the cumulative percentage of sequences was no less than 

90%) and environmental factors or between pairs of environmental factors in summer 

(A) and winter (B). See Fig. 6 for graphical attributes. 



 

Table 1. Statistical information of environmental parameters in the Bohai Strait. 

Environmental  

parameters 

Winter Summer 

Range Mean SD Range Mean SD 

Water depth (m) 19.80~60.00 41.74 14.22 19.80~56.00 41.15 13.55 

Temperature (°C) 6.20~9.95 8.67 1.21 22.74~25.98 24.32 0.92 

Salinity (psu) 28.43~31.39 30.81 0.85 30.25~31.11 30.60 0.25 

NO2-N (μg·L
-1

) 4.09~16.24 8.56 3.50 0.44~1.20 0.74 0.24 

NO3-N (μg·L
-1

) 1.03~167.15 77.03 47.86 9.90~51.40 30.84 14.15 

NH4-N(μg·L
-1

) 3.90~135.86 45.13 45.01 0.50~37.70 12.89 9.42 

PO4-P(μg·L
-1

) 2.03~10.37 6.45 2.82 0.67~6.99 2.50 1.72 

SiO3-Si(mg·L
-1

) 0.14~0.43 0.28 0.10 0.08~0.25 0.17 0.05 

Chl a (μg·L
-1

) 0.22~1.09 0.56 0.28 0.14~6.16 1.47 1.67 



Table 2. Analysis of similarity (ANOSIM) statistics testing the differences of 

bacterial community composition (at the genus level) based on Bray-Curtis 

similarity matrices. 

Grouping by 
Statistics 

R P 

Season 0.7849 0.001 

Transect 

Winter 

global 0.362 0.005 

A & B 0.588 0.019 

B & C 0.490 0.050 

A & C -0.031 0.575 

Summer 

global 0.359 0.005 

A & B 0.388 0.016 

B & C 0.313 0.145 

A & C 0.413 0.035 

B1, B2 & Others 0.882 0.016 

F, F-statistic; P, P-values. Significant P-values (< 0.05) are highlighted in bold. 



Table 3. T-test and Fisher's LSD (ANOVA) statistics testing the seasonal and spatial 

differences in alpha diversity estimators of the bacterial OTUs from the Bohai Strait. 

Grouping by 

Observed 

species 
Chao1 H′ E 

T/F P T/F P T/F P T/F P 

Season 3.366 0.003 2.436 0.023 6.763 <0.001 7.199 <0.001 

Region 

Winter 

Global 0.022 0.978 0.187 0.832 0.068 0.934 0.089 0.916 

A & B  0.938  0.610  0.936  0.885 

B & C  0.904  0.600  0.734  0.688 

A & C  0.837  0.965  0.781  0.780 

Summer 

Global 1.157 0.353 0.512 0.614 3.575 0.067 4.196 0.048 

A & B  0.180  0.440  0.029  0.024 

B & C  0.734  0.924  0.070  0.900 

A & C  0.308  0.385  0.689  0.038 

B1, B2 & others         

H′, Shannon-Weaver diversity; E, Shannon-Weaver evenness; T/F, T-statistic of the 

test for seasonal differences or F-statistic of the test for spatial difference; P, 

P-values. Significant P-values (< 0.05) are highlighted in bold. 

 

 

 

 

 

 

 

 



 

 

 

 

Highlights 

 

 The heterogeneity of environmental conditions significantly influences the 

spatiotemporal pattern of the bacterial communities in the Bohai Strait.  

 The Yellow Sea Warm Current contributes to the higher alpha diversity of 

bacterial communities in winter. 

 The spatial heterogeneity of some abundant bacterial taxa reflects a closer 

relationship with organic matter rather than other environmental factors.  

 The results of this study support the hypothesis that local factors have a 

greater impact on bacterial community structure than dispersal purely due 

to hydrodynamics. 

 




